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Introduction 9
[11]. Briefly, Smalt options for exhaustive searching for optimal alignments (-x) and random 189 mapping of multiple hit reads were used. Reads were mapped when mapping base identity 190 was greater than or equal to 80% to the reference genome (-y 0.8), to eliminate spuriously 191 mapped reads mainly from human DNA. For the sequence analyses, all reads mapped to the 192 reference, not limited to bait locations, were analyzed. For phylogenetic analyses and for 193 evaluating the accuracy of SuSL-seq data, we used the population SNP and indel calling mode The masked positions were provided in MaskSuSL4.bed file. We also excluded a SNP cluster 204 containing more than 7 SNPs within 60 neighboring bases to exclude false SNPs from 205 simulated Leishmania DNA samples mixed with mouse DNA Mpd1 and Mpd2. This was 206 effective to eliminate non-Leishmania reads with a dozen of SNPs but with highest mapping 207 score 60. 208 209 Somy estimation. For somy estimation, 2 different methods were used. For samples 210 with consistently high-quality mapping against Leishmania, such as genomic libraries from 211 cultured promastigotes we used the median depth across each chromosome [11, 18] . For 212 samples whose read coverage depth was more variable, such as amplified and unamplified 213 clinical samples, depth was calculated in 1000bp windows to allow a more uniform analysis 214 of coverage variation [11] . Previous studies have shown some correlation between read we applied local median correction [11] . This method calculates somy based on the median 217 coverage values of chromosomes with similar lengths. In the calculation of somy, the first 218 7,000 bases and last 2,000 bases of each chromosome were excluded because these regions 219 tend to be repetitive telomeric regions and their depth was not reliable. Similarly, certain 220 over-amplified chromosome regions were excluded from depth calculation for SuSL-seq 221 samples: these regions were listed in S1 Dataset B. The range of monosomy, disomy, 222 trisomy, tetrasomy, and pentasomy was defined to be the full cell-normalized chromosome 223 depth or S-value: S < 1.5, 1.5 ≤ S < 2.5, 2.5 ≤ S < 3.5, 3.5 ≤ S < 4.5, and 4.5 ≤ S < 5.5, 224 respectively [11] . 225 226 Gene copy number variation. Local copy number variants were detected as 227 described elsewhere [8] . In brief, we calculated an average normalised haploid depth of H-228 locus (Ld23: 90426 -104470) and M-locus (Ld36: 2558460 -2576450) for each strain and 229 then obtained an average normalised haploid depth and standard deviation for each group. 230
For ISC1-specific CNVs, we calculated an average normalised haploid depth for each gene 231 for each ISC1 strain and then obtained an average normalised haploid depth and standard 232 deviation for each CG group, using the depth of 191 sequenced strains (promastigotes). ISC1 233 specific gene CNVs were then defined to be genes whose normalized haploid depth differed 234 more than  0.3 from the baseline average depth of other ISC groups. The value 0.3 was 235 chosen here because we have observed many long CNVs in trisomic chromosomes, which 236 were amplified or deleted in 1 of the 3 homologous chromosomes. 237 238 Phylogenetic analysis. For phylogenetic analysis, 197 variables sites represented by 239 394 bases were used to perform neighbor-joining analysis using the p-distance model with 240 1000 bootstrap replicates as performed in MEGA 7.0.21 [19] and and Splitstree v4 [20] . These 241 analyses used 191 promastigote strains plus 51 clinical samples (one clinical sample from ISC1 242 was excluded because phylogenetically too divergent). Artificial mixtures of Leishmania and 243 human DNA (Leishmania DNA percentage of 0.06%) were used to measure the accuracy to 244 multiple infections of the phylogenetic analyses. 245
246
Identifying minor ISC genotypes and polyclonal infections with SuSL-seq reads. Two 247 methods were used to identify minor ISC genotypes, respectively based on (i) SNP motifs 248 specific of ISC groups and (ii) alternative allele frequency from sequenced reads. 249
We first extracted genotype specific 23-mer motifs that contained a SNP or reference 250 base at the center. For ISC3, ISC4, ISC5, ISC6 and ISC7 groups, we created 26, 53, 38, 26 and 251 14 motifs that matched SNPs common to these groups, respectively. These group specific 252 SNPs were identified using 191 samples analyzed in the previous study [8] and mapped to the 253 pacbio reference [11] . To identify minor genotype reads which may have been missed by the 254 standard SNP calling, we counted the reads in the alignment files that contained genotype 255 specific motifs. These motifs were listed in S1 Dataset A and used to estimate the proportion 256 of ISC3, ISC4, ISC5, ISC6 and ISC7 in each sample. 257
In the second approach, a GATK population VCF file for bone marrow and 258 promastigotes were converted to a table that contained alternative allele frequency. In 259 addition, total read depth, reference read depth, alternative allele read depth and genotype 260 information created for VCF file were kept along alternative allele frequency. We checked 261 alternative allele frequencies at group specific SNP sites to identify polyclonal samples. A 262 mean of alternative allele frequency was calculated by averaging alternative allele 263 frequencies at all ISC specific SNP sites per sampling, excluding missing depth sites. 264 265 Identifying minor ISC groups using Amplicon sequencing. We applied a read count 266 method and an exact motif matching method to identify minor ISC groups using amplicon 267 sequencing. The read count method was based on samtools pileup and included reads 268 marked as PCR duplicates, counting all four bases to access back ground base error rates. The 269 exact motif matching method was based on a 17 mer for each diagnostic SNP and a 22 mer 270 for the diagnostic insertion and they were listed in S1 Dataset C & D. 271 272 Parasite cultures and competition experiment. Twelve clinical isolates paired to bone 273 marrow samples were cultivated on HOMEM. Three L. donovani cloned strains were used in 274 this experiment BPK067/0/cl2, BPK077/0/cl5, BPK091/0/cl9, respectively belonging to the 275 ISC3, ISC6, and ISC4 genetic groups [8] . The parasites were grown on Tobie's blood agar [21] 276 with a saline overlay at 26°C to mimic the growth conditions during parasite isolation from 277 clinical samples [22] . The parasites were inoculated to the concentration of 5x10 5 ml -1 , and 278 passaged to fresh medium every 3-4 days. For each strain mixture, 3 replicates were 279 prepared, and the pure strains were grown in duplicates. The proportion between two 280 parasites strains was roughly verified at the start of the experiment, and was further assessed 281 approximately every 5 passages. 282
To follow the proportions between two different parasite strains in culture, a 283 diagnostic SNPs, which allow distinction among different ISC genetic groups were used [23] . 284 Specifically, the Ld36_p5263_F1* and Ld36_p5263_R1, and Ld33_p3644_F1 and 285 Ld33_p3644_R1* primer pairs were used to distinguish between ISC3 and reference, and ISC6 286 and reference genotypes, respectively. The presence of these alleles was verified by standard 287
Sanger sequencing, where primers mentioned above with * were used to sequence the 288 amplified products. PCR amplicons were sequenced at Baseclear (Leiden, The Netherlands) 289 with ABI 3730 (XL) DNA Analyzer, and the chromatograms were analyzed using the 4peaks 290 software (Nucleobytes). The ability to detect both alleles was first verified by sequencing the 291 PCR products amplified from DNA mixed in the same proportions as the parasites in the 292 competition experiment. With this method, it was not possible to detect the exact 293 proportions of the two alleles, but the relations between them (i.e. which allele was present 294 in higher proportion) was assessed. 
SuSL-seq analysis of clinical samples: sequencing statistics 301
Details on the SureSelect bait design are described in S1 Text and in S1 Fig of Leishmania DNA of 0.006% was found to be the lowest limit for suitable analysis of genome 305 diversity. SuSL-seq was then applied to 63 clinical samples with Leishmania DNA percentage 306 of at least 0.006%, 59 bone marrow and 4 splenic aspirate samples collected from VL patients donovani reference genome was 22.5, the 5 th and 95 th percentiles of median depth were 2 311 and 74.16, respectively, while the maximum depth was 126.5 (in BPK89BM) and the minimum 312 average depth was 0.074 (in BPK161BM). Across all clinical SureSelect libraries, the mean 313 percentage of reference genome bases covered by at least 5 reads was 61.1% and, the mean 314 percentage of bases covered by at least 1 read was 78.4%. This coverage average was skewed 315 by a small number of lower-quality samples. For instance, within a sequencing batch of 24 316 samples, over 90% of the genome was covered by at least one read in 14 samples; in all cases 317 better genome representation was obtained following SureSelect enrichment (S4 Fig. A) . 318
Overall, as for the artificial mixtures, we obtained the highest enrichment for samples with 319 lowest parasite loads. An approximately linear relationship was found between Leishmania 320 DNA percentage in clinical samples and the proportion of reads mapping to Leishmania after 321 SuSL-seq for samples with up to 1 % of Leishmania DNA (Fig. 1A ). For samples with higher 322
Leishmania content, no further increase was observed beyond around 60-70% of reads 323 aligning to BPK282v2 reference genome ( Fig. 1A ). Eleven samples had low coverage, with less 324 than 10% of the genome covered at a depth of 5x ( Fig. 1B) . These low-coverage samples also 325 had the lowest parasite load, and were excluded from the analyses described below, so 52 326 samples were studied in greater detail. 327 
SuSL-seq analysis of clinical samples: genetic variants 342
Using an improved version of the BPK282 reference genome BPK282v2 [11], we were 343 able to call SNPs in these 52 samples, of which 51 were identified as belonging to CG and one 344 belonging to the genetically distinct ISC1 sub-population [8]. We identified 197 variable sites 345 that had sequence coverage and could therefore be reliably genotyped in all 51 CG clinical 346 samples; these sites were also characterized in 191 previously sequenced parasite isolates 347 from the CG [8] and 9 newly sequenced isolates (see below). The 197 sites were sufficient to 348 reconstruct a phylogeny consistent with our previously published analysis show one standard deviation around the mean estimate. Only a single sample was available 369 from bone marrow aspirates in ISC1, hence no standard deviation is shown. 370 371 Notably, among the 11 samples that were excluded from the phylogenomic analysis 372 because of poor genome-wide coverage, nine could be attributed to a specific ISC group, on 373 the basis of diagnostic SNPs specific to these groups (labeled with * in S1 Table) . The 374 remaining two samples, BPK211BM and BPK161BM, had sequence data with too low 375 coverage for any genotyping (S1 Dataset E). Analysis of genotype distribution per village revealed sympatric genotypic diversity: for instance, in Itahari, four different ISC types were 377 sampled over 11 days in June 2002 and three were sampled over four months in 2003 (S1 378 Dataset F). Interestingly, in this village, two cohabiting members of the same family were 379 sampled during each of these two periods: in both cases, two different ISC types were 380 identified. We also searched for small indels that were unique to clinical samples. We 381 identified six unique indels: five were located in non-coding regions, and one introduced a 1-382 bp frameshift in the LdAQP1 gene (S1 Dataset G). 383
Next, we examined chromosome copy numbers. Consistent with our observations in 384 artificially mixed samples (S1 Text), the apparent accuracy of our somy estimates in clinical 385 samples depended on the Leishmania DNA percentages, as those with low percentage had 386 lower normalized read depth and genome coverage (S1 Dataset E). For example, chromosome 387 31 is known to be tetrasomic in all Leishmania species and isolates sequenced so far, except 388 under experimental drug resistance selection where somy can be even higher [9] . As 389 expected, S-values (normalized coverage depth, see Methods) of chromosome 31 were close 390 to 4 in samples with high genome coverage. These values, however, were lower in samples 391 with lower genome coverage, even though the somy of chromosome 31 was distinctively 392 higher than 2 except for the very lowest coverage samples. To distinguish real somy variation 393 and technical artefacts, we classified samples into group of similar genome coverage into 394 those with high (36 samples, genome coverage above 89.1%), medium (16 samples, coverage 395 56.6-86.9%) and low quality (9 samples, coverage 9.8%-45.8%) somy calls (S1 Dataset A and 396 the same clinical material were available. We compared the genotypes within each of these 422 12 pairs, at three levels: SNPs, indels and chromosome copy number. SNP analysis revealed 423 that nine SuSL-seq samples were assigned to different ISC genotype groups to the matched cultured isolates (Table 1) , with samples assigned to different core group genotypes differing 425 by 9-26 homozygous sites and 3-13 heterozygous positions. In two cases, the clinical samples 426 were genotyped as being in the CG and the isolate was assigned to ISC1; these pairs of 427 samples were far more distinct, differing in 29942 and 34146 homozygous SNPs and 4370 and 428 167 heterozygous sites respectively. For the 3 paired samples with matching ISC genotypes, 429 we found only minor nucleotide differences (0-9 homozygous and 3-7 heterozygous SNPs). 430
We found differences in Indel variants in 10 out of 12 samples: in one of them (BPK081) a 431 single base insertion was observed in LdAQP1 (described in detail above) in the bone marrow, 432 which was not present in the paired culture (Table 1) . Finally, chromosome copy number 433 differed in 10 paired samples, while in BPK087 and BPK081 we found no significant 434 differences in somy values, and parasites remained overall disomic in culture (Fig. 3A) . First, we found a second and minor genotype in the SuSL-seq mapped reads of two 467 clinical samples (BPK471BM and BPK296BM) , at a proportion estimated as 9.2%, and 6%, 468 respectively (Fig.3B ). We also found the evidence of polyclonality in one of the cultured 469 isolates, which differed in its ISC genotype from the paired clinical sample ( Table 1) : in 470 BPK157MO, ISC1 constituted the main genotype (93.85% of the reads), and we found 6.15% 471 that were not ISC1 at all ISC1 specific SNP sites. Secondly, we tested for the presence of more Leishmania DNA and number of Leishmania genome equivalents in the clinical samples varied 483 between 0.05-2.85%, and 12-60901, respectively (S1 Dataset A). We could confirm the 484 principal ISC genotypes defined by SuSL-seq in all clinical samples (S1 Dataset A). Alternative 485 alleles containing SNP variants could be observed in most of the clinical samples, but their 486 frequency was not significantly different from the frequency found in the control cloned lines 487 (S7 Fig. and S1 Dataset A) . For the AQP1 insertion, the situation was similar with the exception of the sample BPK120BM (defined as belonging to ISC9), which indicated the presence of a 489 small population of ISC5 genotype (z-score:3.2; p-value: 0.0014). The reciprocal was found in 490 BPK276BM, an ISC5 sample in which a small proportion of WT alleles was encountered and 491 we found no alleles containing the ISC5-specific AQP1 insertion in the paired clinical isolate. 492
Although these results are not significant (p-value: 0.139), they are consistent with the 493 observed ISC5 genotype in BPK276BM, and ISC6 genotype in the derived isolate (S1 Dataset 494 A). 495 Finally, to test whether different growth rates could explain the different genotypes 496 observed between direct clinical samples and those grown in vitro, we set up a growth-497 competition experiment. We inoculated flasks with cloned strains BPK091 and BPK077 (ISC4 498 and ISC6, respectively), and BPK067 and BPK091 (ISC3, and ISC4, respectively) together in the 499 following ratios (strain1/strain2): 90/10, 50/50, and 10/90. Using Sanger sequencing to 500 monitor the presence of diagnostic SNPs that could distinguish the two genetic groups at 501 different time points during in vitro cultivation, we were able to detect which of the two co-502 cultured strains was dominant. We reproducibly observed for both parasite combinations 503 that one strain consistently dominated the culture, even if it was only present as 10% of the 504 initial inoculum (S8 Fig.) . Interestingly, BPK091, which was present in both mixes, became 505 dominant after 21 passages when co-cultured with BPK077 but after only five passages it was 506 out-competed by BPK067. 507
Discussion 510
We demonstrated here proof-of-principle for the sequencing of Leishmania genomes 511 directly from clinical samples of patients with VL. Tested on 63 clinical samples from Nepal, 512
SuSL-seq showed a high analytical sensitivity: we were able to (i) perform phylogenomic 513 analyses on 82.5% of samples, (ii) assign 97% of samples to previously defined ISC genotypes 514 using a set of diagnostic SNPs, (iii) estimate chromosome copy number in 82. shows the risk of losing drug resistance markers when genotyping isolates. The differences in 546 karyotype as observed in 11/12 paired samples could also be acquired during culture, but 547 could also have resulted from selection from a mosaic background, as shown experimentally 548
[25]. More generally, however, the SNP differences that led to isolates and SuSL-seq samples 549 representing different ISC genotypes did not appear to be explained by mutations appearing 550 in vitro; each ISC group is characterized by a set of diagnostic SNPs and the observed switch 551 of ISC genotypes concerned all diagnostic SNPs in these sample pairs. In two cases, the isolate 552 and clinical samples differed at tens of thousands of sites, and clearly represented the two 553 very different populations of parasites circulating in VL patients in Nepal. We excluded SNP-554 calling artefacts, and the clinical work followed specific procedures for labeling, processing 555 and tracking all samples. Thus, excluding experimental mistakes as the reason for these 556 results, the most likely explanation is polyclonality of the infection in the host. In such a scenario, different clones would be most abundant in the host and the promastigote culture 558 medium, due to their differences in respective fitness in these two environments. 559
We have attempted to verify the polyclonality hypothesis through a set of direct and 560 indirect experiments. On one hand, in two clinical samples and one cultured isolate we 561 detected minor reads (above 6%) with the signature of a second ISC genotype. We also tried 562 to detect the second genotype directly in selected bone marrow samples with amplicon 563 sequencing of 4 loci, which contain SNPs/AQP1 indel specific for different genetic groups from 564 ISC. However, we were unable to find any statistically robust evidence for presence of a 565 second genotype with this method, except in one case, BPK120BM. This is most likely due to 566 a sensitivity issue of the amplicon sequencing method which was applied: (i) without 567 enrichment (in most cases, in presence of more than 99% of human DNA, Dataset S1D), (ii) to 568 The present work highlights the complexity of L. donovani infections in the human 590
host. It appears that a patient can be infected by multiple clones showing different genotypes, 591 which possibly vary at the somy level. This genetic diversity could offer an adaptive advantage 592 to the whole population of cells, by providing 'individual' solutions to different environments, 593 leading to different dominant genomes in the patient and in culture. We showed that this did 594 not have a major impact so far for phylogenomic studies. However, if any link is to be made 595 between parasite genome variation and clinical phenotypes -for example treatment 596 outcome or pathogenicity -analyzing Leishmania directly from clinical samples is necessary, 597 as both the genotype and aneuploidy in the mammalian host and in vitro culture can differ. standard deviation values for the bone marrow samples were based on the binned depth 837 method. The samples were sorted in the order of higher genome coverage, the 3 categories 838 reflect resolution of somy estimation 1) High: whose genome coverage ranging from 99.45% 839 to 89.10%. 2) Medium: whose genome coverage ranging from 86.93% to 56.60%. 3) Low: 840 whose genome coverage ranging from 45.80% to 9.80%. In the lower Leishmania DNA 841 concentration samples, it is still possible to identify higher copy number in chromosome 31. 842
S-values of chromosome 2 and 11 were higher for almost all samples but these higher values 843
were also observed in artificial mixtures of BPK282 where chromosome 2 and 11 were 844 definitively disomic. Close inspection of read depth did not reveal any particular evidences to 845 support their S-values to be higher than 2. B. Correlation between gene depth at 303 ISC1-846 specific CNV genes identified in promastigote samples. Correlation was moderately high r 2 = 847 0.68, p-value = 10 -76 and slope = 0.882 indicating that SuSL-seq can be used to confirm existing 848 group-specific CNVs. On the plot, colored dots represent counts in log10 scale and probability 849 density distributions were given on the corresponding axes. SNPs/AQP1 insertion for specific ISC genotypes. SuSL-seq genotype denotes the genotype 877 assessed based on the phylogenomic clustering, while amplicon-seq genotype is based on the ranges were excluded because of the depth errors associated with SureSelect enrichment and 883 because of the known major repetitive or amplified regions (see remarks). C. Genotyping 884 using group specific SNP motifs: The table shows the ISC group, chromosome, position, 885 reference allele, SNP allele, SNP score based on GATK, reference base motif and SNP base 886 motif. All the diagnostic SNPs were homozygous SNPs except those of ISC7. Here ISC7 887 genotype was not detected: in a previous study (1), we found that genotype exclusively in 888 India. A diagnostic SNP and reference base are located at the 12th base. D. ISC5 AQP1 889 insertion motifs: The reference base motif and AQP1 insertion base motif, along with 890 neighboring motives that includes 2 base insertions of any base combinations at a given 891 position are shown. The frequency counts of these motives were given for each sample and 892 these neighboring motives were used to estimate the error rates for detecting any two-base 893 insertion nearby. These data indicated that the insertion detection error rates were extremely 894 low. ISC5 strains showed higher insertion error rate but these were likely associated with base 895 errors in the detection of the AQP1 insertion. E. The sequence depth and coverage statistics: 896
The average values of median depth of 36 chromosomes, the depth standard deviation, the 897 genome coverage of SureSelect enriched and raw samples were given for each sample. Low 898 sequence depth samples were marked as LOWDEP, indicating that these samples were not 899 included in the main phylogenetic tree because of their missing depth and coverage. Somy 900 detection accuracy classification was assigned to each sample. High corresponds to 36 high 901 genome coverage samples, Medium corresponds to 16 medium range genome coverage samples and Low corresponds to 9 low genome coverage samples. NA corresponds to 2 903 samples with almost no informative genome coverage. Further descriptions were found in 904 the text. F. Sympatric genotypic diversity at VDC (village development committee, the 905 lowest administrative unit in Nepal) level (available on request to authors). VDCs where 2 906 different ISC genotypes (or more) were identified. See more details on the corresponding 907 samples in S1 Table 1 . *, because of lower sequence quality, ISC genotype was defined by a 908 set of diagnostic SNPs. 1 BPK89BM  BPK191BM  BPK198BM  BPK4BM  BPK113BM  BPK114BM  BPK174BM  BPK177BM  BPK97BM  BPK235BM  BPK60BM  BPK120BM  BPK149BM  BPK184BM  BPK165BM  BPK276BM  VL092SP  BPK77BM  BPK836BM  BPK99BM  BPK81BM  BPK143BM  BPK223BM  BPK207BM  BPK156BM  BPK471BM  BPK229BM  BPK157BM  BPK146BM  BPK280BM  BPK105BM  BPK104BM  BPK215BM  BPK543BM  BPK102BM  BPK61BM  BPK820BM  BPK181BM  BPK208BM  BPK134BM  BPK91BM  BPK80BM  BPK296BM  BPK56BM  VL013SP  BPK821BM  BPK72BM  VL164SP  BPK470BM  BPK20BM  VL007SP  BPK87BM  BPK238BM  BPK574BM  BPK257BM  BPK118BM  BPK68BM  BPK183BM  BPK239BM  BPK164BM  BPK140BM 
